Abstract Planning and implementation of effective restoration projects require appropriate assessment of a river's hydromorphological status. Two European standards on hydromorphological assessment of rivers and hydromorphological assessment methods used in Poland are reviewed in the context of their applicability for river restoration purposes. River Hydromorphological Quality assessment method is presented with a case study of the Biała River, Polish Carpathians, where this assessment was used as basis for a restoration project aimed to establish an erodible river corridor. The results of the assessment revealed significant differences in hydromorphological quality between unmanaged and channelized river crosssections, indicating channel regulation as a major cause of the hydromorphological degradation of the Biała and confirming the choice of the erodible river corridor as an appropriate method of its restoration. The assessment indicated hydromorphological features of the river that were severely modified within the channelized reaches and which are likely to improve the most with the removal of bank protection and allowing free channel migration.
Introduction
Human activity affects the state of riverine ecosystems through direct impacts on river biocoenoses (e.g. introduction of alien and invasive species), changes in water quality or physical state of habitats. Negative effects of deteriorated water quality on river ecosystems resulting from increased input of biogenic substances and pollution from sewage, agriculture or industry (Meybeck 2003) have been extensively described in the literature. Over the last decades, methods of assessment of the physicochemical water parameters were standardized (EPA 2001) and attempts to improve the quality of river water were commonly undertaken. Despite the widespread occurrence of practices leading to river change (e.g. channelization, gravel mining, disruption of river continuity by dams and flow regulation by dam reservoirs), their negative effects on the physical state of habitats and river biocoenoses were recognized relatively late (Muhar and Jungwirth 1998) . In many countries, the necessity to improve the quality of river habitats only recently started to be noticed by water management authorities.
The term hydromorphology was introduced to describe physical river characteristics and processes as they determine the condition of river ecosystem. Hydrological regime, river continuity and morphological conditions were indicated in the Water Framework Directive as the three key elements of hydromorphological river quality (European Commission 2000) .
According to the Water Framework Directive, the assessment of hydromorphological conditions supports the assessment of biological components of river ecosystems (European Commission 2000) which play a decisive role in the evaluation of river status. However, this assumption only reflects the feasibility of diagnosing the state of river biocoenosis rather than the conditioning factors. In reality, hydromorphological conditions are the primary control on the biotic elements of river ecosystems (Vaughan et al. 2009; Elosegi et al. 2010) as they influence the species richness of river communities (Elosegi et al. 2010 ) and many ecosystem functions such as nutrient and organic matter storage, rates of decomposition of organic matter, primary production and ecosystem respiration (Elosegi and Sabater 2013) .
Proper functioning of river ecosystem requires its threedimensional connectivity: undisturbed migration of biota and sediment transfer along the river, at least seasonal connectivity between river water and water bodies in the floodplain area, and vertical connectivity between river and hyphorheic zone (Kondolf et al. 2006) . Furthermore, the key controls on river hydromorphological quality are the spatial complexity of habitats and dynamism of hydrological and morphological processes (Elosegi et al. 2010) . Even with the lack of human intervention in river channels and floodplains, hydromorphological conditions are not static but undergo constant changes as the rivers adjust to changing environmental conditions in the catchments and valley floors (Dufour and Piégay 2009 ). This creates the need to determine the dynamically changing reference conditions that relate to the contemporary environmental conditions in the catchments (Wy_ zga et al. 2012b) .
With the degradation of river ecosystems, in several countries actions were undertaken to improve their state or re-establish natural features of river hydromorphology (Habersack and Piégay 2008; Rinaldi et al. 2013c ). In Europe, restoration efforts were supported by the regulations of the Water Framework Directive that obliged the member states to re-establish good ecological status of rivers by (European Commission 2000 . Consequently, a number of assessment methods were developed in particular countries to enable systematic evaluation of river hydromorphological quality (Rinaldi et al. 2013a ). Attempts at the standardization of these procedures brought about reviews (Belletti et al. 2015) and comparisons of the methods used in different countries (Raven et al. 2002; Scheifhacken et al. 2012) , and the European Committee for Standardization published two standards with the nomenclature and framework for hydromorphological evaluation of rivers (Boon et al. 2010) . However, many of the applied methods have one or more limitations: (1) they had been developed before the introduction of the Water Framework Directive and even though they provided the basis for its hydromorphological guidelines, they are not fully adjusted to its regulations; (2) they consist in static inventory of river habitat features and as such do not allow recognition of the ongoing hydrological and geomorphological processes; (3) they are general and involve little or no field surveys. As a consequence of the two latter limitations, these methods of assessment are of very limited use for the purposes of river restoration. The adequate assessment method should be based on detailed recognition of the extent and causes of degradation of river's hydromorphological conditions and allow the analysis of this state not only in the context of past human intervention in the river channel and corridor but also in the context of river adjustment to environmental changes (Wy_ zga et al. 2012b; Rinaldi et al. 2013b) .
In Poland, significant degradation of many rivers calls for restoration measures that would allow improvement of river integrity. Hydromorphological evaluation of rivers in the country has been performed with a few methods (Lewandowski 2012) . The lack of a versatile, suitable method of assessment led to the development of River Hydromorphological Quality (RHQ) method (Wy_ zga et al. 2009 (Wy_ zga et al. , 2010b designed also for the purpose of planning and evaluation of restoration measures. This paper aims to provide:
-a critical review of European standards on the assessment of river hydromorphology; -an overview of the methods of river quality assessment most widely used in Poland; -a presentation of the RHQ method and its use with a case study of the Biała River as well as the discussion of applicability of this method for river restoration purposes.
European standards of hydromorphological assessment
Studies focused on developing methods of hydromorphological assessment of rivers started in European countries long before the introduction of the Water Framework Directive; and in Poland in the early 1990s (Lewandowski 2012) . The directive created the need for unification of the methods of hydromorphological assessment of rivers, resulting in the publication of two guidance standards by the European Committee for Standardization (Boon et al. 2010) . European Standard EN 14614 (CEN 2004) indicated guidelines for hydromorphological assessment of river features. It indicated 10 assessment categories, six of which related to the assessment of channel, two to banks and riparian zone, and two to floodplain/river corridor (Table 1) . For particular categories, the standard identified hydromorphological features that should be assessed (Table 1) . European Standard EN 15843 (CEN 2010) provided guidelines to the assessment of anthropogenic modifications of river hydromorphology. Among the assessment categories listed in EN 14614 standard, those crucial for the evaluation of anthropogenic modification to river hydromorphology (so-called core categories) were now distinguished from the remaining group of subsidiary categories of features that may exert a positive influence on the quality of river habitats (Table 1 ). The standard asserts that categories from the first group do not require definition of reference conditions and the degree of modification in each category is considered proportional to the share of the modified part of assessed reach in its total length. Only the evaluation of the second group of categories requires comparison of the observed river state to the reference conditions defined for the relevant river type.
This second European standard contains both valuable elements and ones that make this methodology of hydromorphological river assessment of little or no use for river restoration purposes. Undoubtedly, the advantage of the standard is that it uses a degree of deviation from natural conditions, and not the abundance of morphological conditions considered beneficial for river biota, to assess river hydromorphological quality (Boon et al. 2010) .
The method of assessment presented in the standard is largely simplified; this can be advantageous if rapid evaluation of numerous rivers is to be performed to comply with the requirements of the Water Framework Directive. However, it will be entirely unusable for river restoration that must be based on adequate and credible recognition of the degree and causes of degradation of the river in question. A serious flaw of this methodology is the lack of relating the state of the assessed river to relevant reference conditions and the assessment of several categories of features on the basis of the percentage of river length in which they have been modified, without considering the degree of the modification. This opinion can be illustrated with the following example. Planform geometry of a wide river with multithread channel may be variously modified by human activity. In the most extreme case, channelization of the multi-thread channel will result in the formation of a significantly narrower, single-thread channel. Transformation of the channel planform can also consist in its partial constriction with groynes and a reduction in the number of low-flow channels, while the multi-thread channel pattern is maintained. If both such changes occur along a similar length of assessed river reaches, according to the EN 15843 methodology the degree of channel modification should be considered equal in either case. At the same time, it is evident that the degree of deviation from natural conditions for both cases is different. This example can be related to the Italian river Tagliamento which is considered a model ecosystem of an Alpine river with undisturbed, braided channel pattern (Tockner et al. 2003) . Over the past century, the width and the braiding index of the Tagliamento decreased by half (Surian and Rinaldi 2004) , partially as a result of the river adjustment to decreasing bedload supply and partially because of engineering works carried out along the entire reach length. According to the EN 15843 standard, the current channel planform should then be considered extremely modified, which contradicts the wide recognition of the state of this river as nearly natural. Similar paradoxical results are obtained when EN 15843 methodology is applied to assess other categories of river hydromorphological quality.
Hydromorphological assessment methods and their utility for river restoration purposes Attributes of assessment methodology useful for river restoration purposes
To be applicable for the purposes of river restoration, a method of hydromorphological assessment must fulfill the following criteria:
-the assessment should aim to determine the degree of deviation from typical undisturbed conditions for a given river rather than the abundance of habitat features beneficial for river biota (CEN 2010) that may vary between different types of watercourses; -degree of modification of river hydromorphology is determined in relation to reference conditions that define the best attainable river state under contemporary environmental conditions in the catchment (Wy_ zga et al. 2012b) ; -the assessment is largely based on field surveys to allow adequate recognition of the type, location and extent of the modification to river hydromorphology; -the methodology allows to recognize hydrological and geomorphological processes that control the state of the river ecosystem, including the processes of river adjustment to changing environmental conditions (Rinaldi et al. 2013b ).
Methods of hydromorphological assessment and their suitability for river restoration purposes
Below we review the general groups of methods of hydromorphological assessment in the context of their applicability for the purposes of river restoration. Methods evaluating the quality of physical river habitats, such as the German LAWA-FS (LAWA 2000) or the British River Habitat Survey, RHS (Raven et al. 1997) , are most common worldwide and have been in use the longest (Rinaldi et al. 2013a; Belletti et al. 2015) . This category encompasses methods for the survey and characterization of physical habitat elements, which can be classified as river habitat surveys or physical habitat assessments (Belletti et al. 2015) . Although these methods are based on field surveys, they do have certain limitations which put in question their applicability for hydromorphological assessment in river restoration projects. With the large number of parameters to be assessed, these methods are time-consuming but yield a static image of a river unrelated to ongoing geomorphological processes, especially the existence or lack of geomorphic dynamic equilibrium and the processes of river adjustment to changing environmental conditions (Rinaldi et al. 2013a, c) . Of this group, the RHS is rather popular in Poland (Szoszkiewicz et al. 2007 ). In Europe, several methods of hydromorphological assessment have been developed for the purposes of monitoring required by the regulations of the Water Framework Directive (Rinaldi et al. 2013a ). Some of these methods are relatively new: e.g. HEM in the Czech Republic (Langhammer 2007) or Polish MHR (Ilnicki et al. 2010a) . The main aim of these methods is to provide a fast assessment of many rivers to determine their hydromorphological state and report on it to the European Commission. Their general approach is thus in agreement with the expected outcomes. These methods are based on the analysis of maps, aerial photos and orthophotos as well as information in existing relevant databases, with very little data collected in field surveys, which severely limits the use of these methods for detailed planning and monitoring of restoration projects.
The third group of methods used in many countries is these based on field inventory of the river condition but in which evaluation is also based on the assessment of the ongoing processes, such as existence or lack of three-dimensional connectivity of river ecosystem, stability, erosion or accretion of river banks and channel adjustment to environmental conditions. These methods involve evaluation of the entire river corridor and both present and recent river change analysed on maps, aerial photos and orthophotos (Rinaldi et al. 2013a; Belletti et al. 2015) . This group of methods includes, among others, the Australian River Styles Framework (Brierley and Fryirs 2005) ; IHG method in Spain (Ollero et al. 2011) , MQI in Italy (Rinaldi et al. 2013b ) and Polish method of river hydromorphological quality assessment RHQ (Wy_ zga et al. 2009 (Wy_ zga et al. , 2010b (Wy_ zga et al. , 2012b . Consideration of ongoing processes and field recognition of the river state make these methods most suitable for river restoration purposes.
Methods of hydromorphological assessment used in Poland
Below we briefly describe principal methods of hydromorphological assessment used in Poland. River Habitat Survey method, developed in the UK, belongs to the methods assessing physical river habitat and is frequently used in Poland where its application is facilitated by a country-specific manual (Szoszkiewicz et al. 2007 ). This method does not account for ongoing geomorphological processes and some other deficiencies related to its use are specified below (Table 2 ). The method determines the degree of anthropogenic modification of the river habitat and its quality reflected in the presence and richness of the features considered beneficial for river biota (Raven et al. 1997) . The set of hydromorphological parameters existing under undisturbed conditions may differ considerably between rivers in different physiographic settings (Kujanová et al. 2016 ) and, thus, hydromorphological evaluation based on habitat quality index does not seem appropriate as in many rivers low richness or diversity of habitat features is natural and reflects naturally low morphological diversity of these rivers (Wy_ zga et al. 2012b) . Although the users of the RHS method notice various degrees of diversity of particular river habitat features in different regions (Szoszkiewicz et al. 2006) , they persist in using the index of habitat quality. The RHS method also uses habitat quality as one of the components in defining reference conditions for a particular river type. Highquality (reference) hydromorphological conditions are here associated with the sites in which the low degree of anthropogenic modification allows them to be classified as near-natural and the habitat quality score falls within the 20% highest ranked sites (Raven et al. 2002) .
The Polish MHR method was developed for the rapid assessment of rivers for the purposes of the Water Framework Directive. As a result, only few analysed parameters are determined in a field survey along 10% of the length of an assessed river (Ilnicki et al. 2010a) . The method evaluates an almost full range of river features indicated in the EN 14614 standard (Ilnicki et al. 2010a ); however, it also has a few serious flaws indicated below (Table 2) . Descriptive/qualitative evaluation of some parameters prohibits their inclusion in the quantitative indices of hydromorphological quality. Bed substrate that cannot be assessed with use of cartographic data is excluded from evaluation. Reference conditions were defined as those existing in the mid-20th century, prior to the intensification of agriculture in the catchments (Ilnicki et al. 2010b ). This manner of defining reference conditions is hardly acceptable; although cultivation may significantly impact river water quality, especially the content of biogenic substances, its influence on hydromorphology is negligible, particularly in comparison with channelization works. In mountain catchments, agricultural practices may increase the supply of fine sediment to the rivers, but in Europe, including Poland, the culmination of agricultural and pastoral pressure in mountain areas occurred in the 19th century and has since progressively decreased (Kondolf et al. 2002; Wy_ zga et al. 2012b) . Finally, in the case of some parameters such as channel slope, width and depth or bank inclination, their higher variability is associated with a better state of the river (Ilnicki et al. 2010a ). This resembles the manner of evaluation typical of RHS method, based on the diversity of habitat features rather than on the degree of deviation from the conditions that would be natural for a particular river (surface water body). With a lack of relevant assessment procedure that would provide insight into both river state and active fluvial processes in Poland, a new method of assessment-River Hydromorphological Quality, RHQ, was developed (Wy_ zga et al. 2009 (Wy_ zga et al. , 2010b to enable evaluation of hydromorphological river conditions in the context of its contemporary dynamics. This method is described in detail below.
Hydromorphological assessment of river quality with RHQ method
Hydromorphological evaluation can be carried out for parts of a river course with similar hydrology and morphology (surface water bodies), for segments of water bodies (survey units) or for river cross-sections (CEN 2004) . Evaluation with RHQ method can also be performed for these spatial units of rivers. This paper presents evaluation of 20 cross-sections of the Biała River located in its upper and middle course that was performed with this method.
Hydromorphological assessment of the river in the analysed cross-sections involved scoring of 10 groups of features of the channel, banks and riparian zone as well as floodplain/river corridor (Table 1) specified in the European Standard EN 14614 (CEN 2004; Wy_ zga et al. 2010b) . Two features were added to the ones listed in the European Standard EN 14614: river island vegetation and the degree of connectivity between river channel and hyporheic zone. As a result, assessment of aquatic vegetation was replaced with the assessment of both aquatic and terrestrial vegetation in the active zone of the river. This better reflected the role of island vegetation in the formation of the ecosystem of multi-thread rivers ) and the differences in the naturalness of vegetation on islands and in the riparian zone of mountain rivers (Kaczka et al. 2008 ). In the evaluation of modifications to river flow, the assessment of runoff regime and flow hydraulics was supplemented with the assessment of the degree of connectivity between river channel and hyporheic zone. Unrestricted water exchange between river channel and the alluvium is important for river biota (Brunke and Gonser 1997) , and its anthropogenic disturbances such as clogging of interstices in the gravel framework with fines (Wood and Armitage 1997) or significant channel incision and transformation of alluvial boundary conditions into bedrock ones (Rinaldi et al. 2013c ) limit or prevent such exchange. This feature should be evaluated for almost all river types with the exception of watercourses that naturally flow in bedrock channels. By contrast, naturalness of river island vegetation can be evaluated only for island-braided (multithread), wandering and anastomosing rivers.
Hydromorphological assessment of the river is preceded by field inspection and the presentation and analysis of extensive data on the river to achieve congruent understanding of the evaluation procedure and river state. First, for each assessed hydromorphological feature, near-natural and extremely modified conditions are defined. Near-natural conditions correspond to the development of a given feature under reference conditions for the particular river, whereas similar extremely modified state (e.g. paved floodplain) may be relevant for a range of river types. For example, near-natural conditions in the floodplain area/ river corridor were described as a mosaic of various successional stages of vegetation, including tamarisk (Myricaria germanica) and willow shrubs and mature willow or alder forest (Fig. 1a) . Extremely modified conditions were represented here by a parking area with impermeable surface and typified by very low hydrodynamic roughness (Fig. 1b) . In turn, near-natural conditions of lateral connectivity and channel migration accompanied unprotected alluvial channel banks with the height typical of the vertically stable river (Fig. 2a) . Extremely modified conditions were represented by the presence of bank reinforcement and significant channel incision, precluding lateral channel migration and inundation of riparian areas by floodwaters (Fig. 2b) . With near-natural and extremely modified states of a given feature identified, particular experts evaluate the spectrum of conditions between these extreme states in terms of their impact on the quality of the river ecosystem.
Second, hydromorphological reference conditions are indicated as those representing the best attainable river state. Significant environmental changes that occurred in the Polish Carpathian catchments during the 20th century, especially a decline in high-intensity farming and grazing and subsequent hillslope afforestation (Lach and Wy_ zga 2002; Kozak et al. 2007) , preclude use of the historical state of the rivers, presented on 19th-century maps, as hydromorphological reference conditions (Wy_ zga et al. 2012b) . Instead, the conditions should be defined as the river state that exists or would exist under contemporary environmental conditions in the catchment but with no human modifications to channel, riparian areas and floodplain of a river (Wy_ zga et al. 2012b) .
Third, the current state of the river is characterized with diagrams of channel morphology in the assessed crosssections, photographs of the cross-sections and position of the river on the orthophoto (Fig. 3) . Finally, changes that occurred in the river sections adjacent to the assessed crosssections over the last few decades are presented using historical maps as well as archival aerial and ground photographs from the second half of the 20th century (Fig. 4) . From this period, good cartographic and photographic documentation of river changes is available and it provides information on both human-induced modification of the river and trends in channel adjustment to changing environmental conditions (Wy_ zga et al. 2010b) , especially important as some of these changes could have been very fast (Fig. 4) . The analysed river sections should extend upstream and downstream of the evaluated cross-sections on the length of at least 2 channel widths from the beginning of the period considered; their absolute length is thus variable depending on the river size in a given valley reach and the degree of change in channel width over the last few decades.
Hydromorphological evaluation of the river was performed by five experts in fluvial geomorphology, river engineering and freshwater ecology. Each river feature Fig. 1 Examples of near-natural (a) and extremely modified conditions (b) for land use in the river corridor. Under near-natural conditions, various successional stages of vegetation occur in the floodplain area, from tamarisk (Myricaria germanica) and willow shrubs to mature willow or alder forest. The asphalt-paved parking place adjacent to the river bank represents extremely modified conditions Fig. 2 Examples of near-natural (a) and extremely modified conditions (b) for lateral connectivity of the river ecosystem and channel migration. The unmanaged, sinuous channel can freely migrate on the floodplain. The mode of river channelization presented in the lower photo results not only in the lateral stability of the channel but also in the loss of lateral connectivity of the river ecosystem was scored on a scale from 1 (near-natural conditions) to 5 (extremely modified conditions). For categories consisting of two or three evaluated features (Table 1) , the score was averaged. Final evaluation of the hydromorphological quality in a cross-section was expressed by the average of scores in the assessed categories, given by the five experts. Based on this final score, particular crosssections were associated with one of the five classes of hydromorphological quality (high, good, moderate, poor and bad).
Hydromorphological assessment of the Biała river Study area
The Biała is a gravel-bed river draining a catchment with an area of 983 km 2 in the Polish Carpathians (Fig. 5) . The river rises at about 730 m a.s.l. and has relatively gentle channel slope that decreases from 0.017 to 0.003 on the length of the studied sections. With such channel slope, the river is typified by a riffle and pool channel pattern Fig. 3 Examples of the sources of information used to evaluate hydromorphological quality of the Biała in the surveyed crosssections from the upper course of the river, shown for crosssection 2A with single-thread, regulated channel and crosssection 2B with multi-thread channel according to the classification of Montgomery and Buffington (1997) . In its upper course, the river flows through low mountains of Beskid Niski where it is supplied with coarse and medium-sized sandstone material. Very high flow variability in this part of the Biała and the delivery of coarse, non-cohesive sediment to the unmanaged river result in the formation of a wide, multi-thread channel (cf. Wy_ zga et al. 2016b). In the middle course within the Cię _ zkowice Foothills, the Biała flows across alternating sandstone and shale complexes that are the source of cobble to pebble material along with large volumes of fines. As a result, the Biała remains a gravel-bed river but under undisturbed conditions it forms a sinuous channel.
In the 20th century, the Biała was subjected to severe modification resulting from human activity. In the lower part of its upper course and along the entire middle course, channel width decreased significantly (to a quarter or a sixth of the initial value) and the river incised by as much as 2.5 m. The principal cause of these changes was river channelization leading to the formation of a narrow and straight channel (cf. Wy_ zga 2001 Wy_ zga , 2008 . These changes were strengthened by widespread, uncontrolled in-channel gravel mining (cf. Rinaldi et al. 2005) . The tendency to channel narrowing and incision could have also been reinforced by a reduction in sediment supply to the river (cf. Lach and Wy_ zga 2002) resulting from a considerable increase in forest cover in the mountain part of the catchment after the World War II (Kozak et al. 2007 ). Some human impacts such as illegal in-channel gravel mining (Wy_ zga et al. 2010a ) and the removal of large wood from the river have continued also in recent years.
Channel changes presented above are known to incur a range of negative effects, such as decreased storage of floodwater in floodplain areas and the resultant increase in peak flows of flood waves in downstream river reaches (Wy_ zga 1997; Kundzewicz et al. 2014; Wy_ zga et al. 2016a) or deterioration of the state of river biocoenosis (Wy_ zga et al. 2013). To limit the negative consequences of the channel changes and improve hydromorphological quality of the Biała, an erodible river corridor was established in the mountain and foothill river sections (14.5 and 5.9 km in length, respectively) (Fig. 5 ). Both parts of the corridor consist of alternating river reaches with a given type of channel management: longer (1-3 km) unmanaged reaches and shorter (0.1-0.3 km) channelized ones adjacent to bridges. Following establishment of the corridor, the river is allowed to develop its channel freely in the unmanaged reaches, whereas it remains channelized in the vicinity of bridges. Future improvement of hydromorphological state of the river, resulting from unrestricted formation of the Biała channel within the corridor, is thus expected to occur in the unmanaged reaches, whereas the state of the channelized reaches will most likely remain unchanged.
Prior to the start of the restoration project on the Biała, hydromorphological quality assessment was performed for 10 sites, with each site consisting of a pair of cross-sections located in neighbouring unmanaged and channelized river reaches. These pairs of cross-sections were selected to determine differences in hydromorphological quality of the river between its channelized and freely developing reaches at the beginning of the restoration project. Hydromorphological assessment will be repeated at the end of the project to demonstrate its effectiveness in improving the river status in the unmanaged reaches. The average distance between unmanaged and channelized cross-sections at the sites equals 780 m and is 22 times greater than the average channel width in the twenty studied crosssections. It is considered sufficiently large to ensure that fluvial processes in the unmanaged cross-sections are not influenced by hydraulic conditions in the channelized cross-sections. The chosen pairs of cross-sections are located between major tributaries (Fig. 5) and carry similar flow. With such location of the cross-sections, the Wilcoxon signed rank test was used to determine statistical significance of the differences in the scores of hydromorphological river quality between the evaluated unmanaged and channelized cross-sections.
Hydromorphological reference conditions
The most obvious and direct approach to determine reference conditions in the RHQ method is to use characteristics of a river reach that remains in a near-natural state (Wy_ zga et al. 2012b ). However, in the case of the Biała even those reaches which are currently devoid of regulation structures have been affected by earlier (channel training and incision) and recent human activities (uncontrolled gravel extraction or the removal of large wood), and as such they cannot provide information on a reference state of the river. Therefore, reference conditions were determined based on analogue but undisturbed river reaches draining catchments with similar size and environmental conditions (in terms of relief and land use).
Under undisturbed channel conditions, environmental controls on the upper course of the Biała should lead to the formation of a multi-thread channel (cf. Wy_ zga et al. 2016b). Very few multi-thread river reaches have been preserved in the Polish Carpathians and an unmanaged reach in the middle course of the Czarny Dunajec is the closest analogue of the environmental conditions in the Biała. Using the Czarny Dunajec River as an analogue, reference conditions for the upper Biała can be defined as the occurrence of alluvial, island-braided channel. In its unmanaged reach, the Czarny Dunajec forms a heavily island-braided channel (Wy_ zga et al. 2010b (Wy_ zga et al. , 2012b . Because the Biała exhibits significantly higher flow variability, the resultant high lateral mobility of its channel would most likely reduce the development of islands in the river's active zone, typical of the Czarny Dunajec. The latter river typically supports a few low-flow channels, but Fig. 5 a Location of the Biała River in relation to physiogeographic regions of southern Poland. b Upper and middle parts of the Biała catchment and detailed setting of the studied sites. 1 mountains of intermediate and low height; 2 foothills; 3 intramontane and submontane depressions; 4 boundary of the Biała catchment; 5 flow-gauging stations; 6 study sites (S1 to S10) and river sections proposed for erodible river corridor. In the figure, sites are indicated in half distance between the unmanaged and the channelized cross-section from a given site at low to medium water stage only some of them convey a significant proportion of the total flow and have fast water current, whereas the other channels, mostly fed by groundwater, carry low discharges and exhibit slow velocity. Particular channels may differ in depth, width, slope and bed-material grain size (from cobbles to sand or mud). Braids are separated by gravel bars or wooded islands. Riparian zone, floodplain and islands are overgrown with natural, diverse plant communities including herbal communities, tamarisk (Myricaria germanica) and willow shrubs, and mature willow or alder forest. Large wood deposition is common within the river, with a significant proportion of wood deposits represented by whole trees and shrubs (Wy_ zga and Zawiejska 2010; Wy_ zga et al. 2015) . The river channel has remained vertically stable (no long-term trend in its vertical position has occurred despite the occurrence of short-term fluctuations) at least during the so-called engineering time, i.e. over several decades. For upper sites of the Biała, the analogue reference height of the river banks equals a few tens of centimetres, whereas for sites 6-7 it is 1.2-1.5 m. Dry palaeochannels and oxbows are present on the floodplain.
Under undisturbed channel conditions, Carpathian rivers draining catchments with similar environmental conditions to the middle Biała catchment form sinuous gravel-bed channels with a distinct tendency to meander (Wy_ zga 2001), and such reference conditions were indicated for the Biała in the lower section of the planned erodible river corridor (sites 8-10). Such rivers normally carry flow in a single channel; however, occasionally mid-channel bars form within a riffle area leading to the division of flow, and chutes may form inside channel bends that at low to medium water stage are fed by groundwater. Gravel point bars are large. River banks are asymmetric: concave banks are steep and eroding, while convex ones are gentle and aggrading. In vertically stable rivers, a third to a half of the bank profile consists of overbank sands and muds. Convex sides of channel bends are gradually colonized by vegetation, from pioneer herbal communities encroaching on bar tops, to willow shrubs and mature willow and poplar forest. Oxbows and dry, crescent-shaped palaeochannels are common on the floodplain.
Hydromorphological quality of the river at the assessed sites
Results of the evaluation of particular categories of hydromorphological quality of the Biała and aggregated scores for the paired cross-sections are presented in Fig. 6 . The assessment scores ranged from 1.65 (high quality) to 4.13 (poor quality). Scores for the unmanaged cross-sections ranged from 1.65 to 2.59 (Figs. 6, 7a ), allowing to associate two of the cross-sections with class 1 of hydromorphological quality and eight cross-sections with class 2 (Fig. 7b) . Scores for channelized cross-sections ranged from 3.13 to 4.13 (Figs. 6, 7a) , with four such cross-sections falling into class 3 and six into class 4 of hydromorphological quality (Fig. 7b) . The average score for the Fig. 6 Averages of the scores given by five expert evaluators for particular assessment categories and average scores of the hydromorphological river quality in the 10 surveyed pairs of channelized and unmanaged cross-sections of the Biała. Numbers of unmanaged crosssections are shown on white background and those of channelized cross-sections on black background. All scores are shown against hydromorphological quality classes. The vertical scale for each assessed category ranges between 1 (for near-natural conditions) and 5 (for extremely modified conditions) unmanaged cross-sections was 2.04 (class 2) and 3.51 (class 4) for the channelized ones and this difference was statistically significant (Wilcoxon test, p = 0.005) (Fig. 7a) .
Differences in hydromorphological quality were also apparent between the mountain and foothill sections of the Biała, with greater range of scores given to the cross-sections located in the mountain river course. Here, unmanaged cross-sections were associated with classes 1 and 2 (two and five cross-sections, respectively), with scores varying between 1.65 and 2.59. The class 1 cross-sections supported three low-flow channels and had diverse morphology, the presence of erosional and depositional forms and considerable cross-sectional variability of flow velocity and bedmaterial grain size. The cross-sections associated with hydromorphological quality class 2 lacked wooded islands and supported few wood deposits; they were also typified by modified channel geometry, decreased lateral mobility and connectivity resulting from river incision as well as cultivation of the floodplain areas (Fig. 6) . Scores for channelized cross-sections ranged from 3.13 to 4.13, placing two cross-sections in class 3 and five cross-sections in class 4 (Fig. 6) . Apart from longitudinal river continuity and bed material in the upstream sites, most components of the river's hydromorphological quality have been modified in these cross-sections. Despite radical changes of flow hydraulics, the overall modification of river flow in channelized crosssections was usually assessed as moderate due to little or no modification to the runoff regime of the Biała (Fig. 6) .
Variation in hydromorphological quality of the Biała in its foothill course was less pronounced but also here the two types of cross-sections received distinctly different scores. Unmanaged cross-sections represented class 2, with scores ranging from 1.96 to 2.28 (Fig. 6) . A lack of wood deposits in the channel and changes to vegetation in floodplain areas associated with farming lowered the total score (Fig. 6) . Scores for the channelized cross-sections ranged between 3.15 and 3.70, with two of them associated with class 3 and one with class 4 of hydromorphological quality (Fig. 6 ). With fairly low degree of modification to riparian vegetation and only one of the river banks artificially reinforced, these cross-sections were considered less modified than channelized cross-sections in the upper course of the Biała. A distinctly worse score for the channelized cross-section at site 10 resulted from the disruption of river continuity by a concrete weir located about 100 m downstream from the cross-section (Fig. 6 ).
Variation in ten assessment categories of hydromorphological river quality Figure 8 compares the range and average scores in particular assessment categories of hydromorphological river quality between unmanaged and channelized cross-sections of the Biała, and indicates statistical significance of the difference between the two types of cross-sections. Channelized crosssections were scored significantly worse in all assessment categories, although the difference between scores for both types of cross-sections varied. Channel geometry was among the categories with the remarkably large difference in naturalness between the two types of river cross-sections: average scores for channelized and unmanaged cross-sections differed by two classes of hydromorphological quality (Fig. 8) . Channel geometry in unmanaged cross-sections was considered near-natural or only slightly modified; the latter reflected the effect of river incision on channel geometry. In turn, channelized cross-sections have a radically changed geometry with single-thread, deep and flat-bottomed channel about three times narrower than in unmanaged cross-sections.
Average scores for bed material differed between both types of cross-sections by 1.5 quality classes (Fig. 8) . Unmanaged cross-sections at sites 1-5 were typified by Fig. 7 Average scores (a) and histograms of the classes (b) of hydromorphological river quality in 10 unmanaged (grey diagrams) and 10 channelized (black diagrams) cross-sections of the Biała. The result of a Wilcoxon test for significance of the difference between average scores of hydromorphological river quality in the unmanaged and channelized cross-sections is indicated high variability in bed-material grain size (cobbles to mud), that was considered natural, while less spatially variable bed material in the downstream unmanaged cross-sections was regarded as only slightly modified. Gravelly channel bed with well-developed armouring in channelized crosssections was considered moderately modified. The only exception was a concrete channel bed of the channelized cross-section at site 10 that was classified as extremely modified (Fig. 6) .
Scores for in-river vegetation and woody debris in channelized and unmanaged cross-sections differed by 1 quality class (Fig. 8) . In both cross-section types, aquatic vegetation consisted of algal communities typical of mountain gravelbed rivers. Wooded islands were present in only two out of seven unmanaged cross-sections in the upstream river section where their occurrence was indicated as typical under undisturbed (reference) conditions. Wood deposits were scarce in unmanaged cross-sections and nearly lacking in channelized ones. All these features were reflected in moderate and poor quality score in this category for the unmanaged and channelized cross-sections.
Average scores for the occurrence of erosional and depositional forms differed between the two types of crosssections by 2.5 quality classes (Fig. 8) . The morphological complexity of the river bed was considered natural in a half of unmanaged cross-sections and slightly modified in the other half. With little morphological complexity of the channel bed in channelized cross-sections, the occurrence of erosional and depositional forms was considered highly modified. Fig. 8 Range and mean value of the average scores given in particular assessment categories of hydromorphological river quality to 10 surveyed unmanaged cross-sections (grey diagrams) and 10 channelized cross-sections (black diagrams) of the Biała. Range plots show mean value (squares), standard error of the mean (boxes) and extreme values (whiskers) of the average scores. For each assessment category, statistical significance of the difference between scores given to both cross-section types, determined by a Wilcoxon test, is indicated; p values \0.05 are indicated in bold Scores for the river flow in both cross-section types differed by 1.5 quality classes (Fig. 8) , which reflected a radical change to flow hydraulics and constraints on the water exchange between river channel and alluvium, caused by bank reinforcements, in channelized crosssections, but also similar runoff regime in closely located channelized and unmanaged cross-sections.
River continuity was given high-quality score in unmanaged cross-sections and good in channelized ones (Fig. 8) . The latter score reflected the presence of a 2-mhigh weir downstream of the channelized cross-section at site 10 (Fig. 6 ) and disturbances to bedload transport caused by a few narrow-span bridges in channelized river reaches.
Average scores given to river banks in the two types of cross-sections differed by 2.5 quality classes (Fig. 8) . Only the river banks in unmanaged cross-sections at the upstream-located sites received very good scores. In the unmanaged cross-sections at sites 6-10, the relatively high banks partially cut in bedrock received good score. Markedly worse scores for the banks in channelized crosssections reflected bank reinforcement with gabions or riprap on one or both channel sides.
On average, the scores for vegetation/land use in the riparian zone differed between the two types of crosssections by nearly 2 quality classes (Fig. 8) . Riparian vegetation was considered natural in the majority of unmanaged cross-sections and slightly modified in the remaining ones. Bulldozed gravelly surface along the banks in channelized cross-sections was mostly overgrown with ruderal species or grasses. In recently channelized river reaches (cross-sections at sites 5 and 6), the riparian area was entirely devoid of vegetation (Fig. 6) .
River corridor in the two types of cross-sections obtained scores differing by 1.5 quality classes (Fig. 8) .
Half of the unmanaged cross-sections had slightly changed floodplain area and in the remaining ones modification was classified as moderate. River corridor adjacent to channelized cross-sections can hardly be inundated and is used either for grazing or housing and infrastructure; the degree of its modification was considered moderate to very high.
Channel mobility and lateral connectivity of the river and floodplain were features with the highest difference in naturalness (2.5 quality classes) between unmanaged and channelized cross-sections (Fig. 8) . Bank reinforcement severely limits lateral channel mobility, while the formation of high-capacity channel in the course of river training and channel incision greatly reduces the potential for floodplain inundation and leads to the loss of lateral connectivity of the river ecosystem.
Discussion
Utility of European standards and assessment methods for river restoration purposes Out of the two CEN standards which specified the methodology for hydromorphological assessment of rivers, the earlier EN 14614 standard (CEN 2004 ) is useful for planning and monitoring of restoration projects. This standard indicates the major features of the channel, river banks, riparian zone and floodplain that are key to the river hydromorphological quality. In contrast, the methodology for the assessment of anthropogenic modification to river hydromorphology proposed in the EN 15843 standard is so simplified that the resultant evaluation can only be useful for creating reports on hydromorphological monitoring of river state required by the Water Framework Directive. The lack of wider utility of the standard was reflected by the voting results during its resolution: out of 30 representatives of the member states, only 21 voted for the acceptance of the standard, while 9 abstained (Boon et al. 2010) .
The methods developed for monitoring river hydromorphology, including Polish MHR method (Ilnicki et al. 2010a ), aim to provide fast evaluation of many rivers to identify the degree of accomplishment of the environmental objectives of the Water Framework Directive in particular countries. That is why the methods are general and produce results that are not useful for planning and assessment of particular restoration activities. The Polish MHR method was developed to evaluate whole water bodies (rivers) and thus it cannot be used for the assessment of river reaches or particular cross-sections as it was done in the present study with the RHQ method.
In turn, a fundamental flaw of the methods of river habitat assessment is that they do not involve recognition of geomorphological processes influencing the present and the future hydromorphological state of rivers (Rinaldi et al. 2013a, c; Belletti et al. 2015) , and this considerably limits their applicability for river restoration purposes. The RHS method belonging to this group involves the assessment of the richness of habitat features beneficial for river biota and includes the richness-based habitat quality in the definition of reference conditions. Consequently, the results of such assessment are incomparable to those based on the degree of deviation from the near-natural/undisturbed conditions. Moreover, the average number of sites evaluated with this method for a given abiotic river type in Poland is low, reflecting a substantially lower total number of evaluated sites (ca. 950; Szoszkiewicz and Gebler 2011) than in the UK (ca. 20,000 sites; Szoszkiewicz et al. 2006 ) and 26 river types distinguished in the country. This seriously reduces reliability of establishing reference conditions (defined by the conditions at the 20% of highest ranked sites; Raven et al. 2002) and, consequently, also of calibration of hydromorphological conditions at particular sites against type-specific reference conditions.
The criteria for the applicability of a method for planning and monitoring of river restoration, indicated in the earlier part of the paper, are fulfilled by the third of the identified groups of methods, including Polish RHQ method. The set of features analysed in the RHQ method complies with that indicated in the EN 14614 standard and the assessment determines their deviation from reference (undisturbed) state. The method is applicable to any river in Poland (and elsewhere), provided that the assessment is preceded by identification of reference conditions for that river type. Reference conditions are defined taking into account their dynamic character and river adjustment to changing environmental conditions in the catchment (Wy_ zga et al. 2012b) . This is particularly important in the context of land use changes that occurred in southern Poland during the 20th century (e.g. Lach and Wy_ zga 2002; Kozak et al. 2007) , as well as the ongoing and future climate change predicted for the 21st century (e.g. Romanowicz et al. 2016 ). The method is based on field surveys that allow recognition of the development of all assessed features of the channel, banks and riparian zone as well as floodplain/river corridor. Together with the analysis of cartographic and photographic documentation, this allows the evaluators to recognize adequately the type, location and extent of modifications to river hydromorphology. Considered in the method is the degree of longitudinal, lateral and vertical connectivity of river ecosystem, river adjustment (e.g. bed armouring represents the adjustment of bed substrate resulting from the deficit of bed material in relation to river transport capacity; cf. Wy_ zga 2012) to environmental changes in the catchment and direct human intervention in the river channel, as well as the impact of the river change on the stability of river banks or the rate of their retreat and the potential for lateral migration of the channel. This allows to analyse the hydromorphological state of assessed river in the context of controlling hydrological and geomorphological processes. As the evaluation is performed by experts from different disciplines of river science, it reflects the opinions expressed from different perspectives and their averaged assessment gives a more objective result than evaluation performed by a specialist from a single discipline of river science (Wy_ zga et al. 2010b) .
Hydromorphological state of the Biała and a measure for its restoration Evaluation of the hydromorphological state of the Biała River with RHQ method showed channelized river crosssections to be in class 4 of hydromorphological quality, and unmanaged cross-sections in class 2, on average. This points to channel regulation as a major cause of the degradation of hydromorphological state of this river in its upper and middle course. This conclusion was in agreement with the results of a study on benthic macroinvertebrates in the river that identified channelization-induced habitat degradation as the main cause of the deterioration of the river's ecological state . Notably, the difference in scores given to both types of river crosssections was greater at the sites where no channel incision is observed in unmanaged river reaches, but smaller where the Biała is deeply incised in such reaches. A similar pattern of hydromorphological quality was found with the RHQ method for the Czarny Dunajec River, in which channelized cross-sections differed by three quality classes from cross-sections in the unmanaged reach with a multithread, vertically stable channel and by two classes from those in the unmanaged reach with a single-thread, deeply incised channel (Wy_ zga et al. 2009 (Wy_ zga et al. , 2010b . Also in this river, the spectacular disparity in hydromorphological quality scores between different types of cross-sections was reflected in marked differences in the richness of riverine communities: fish (Wy_ zga et al. 2009 ) and benthic macroinvertebrates (Wy_ zga et al. 2012a) .
Establishing the erodible corridor in which the river is allowed to develop its channel freely will promote improvement of the hydromorphological conditions degraded as a consequence of the river channelization and the simultaneous adjustment of fluvial forms and processes to ongoing environmental changes in the catchment. This method of restoration of the Biała will be also cost-effective in the unmanaged river reaches in which most of the riparian areas is a state property and the potential impacts of free channel migration on private lands as well as settlements and infrastructure on the valley floor are minimal . A recent occurrence of a large flood on the Biała initiated self-recovery of the river in the unmanaged reaches within the erodible corridor. The flood increased the river width in these reaches by half, on average, although the degree of river widening was smaller in the deeply incised river sections and greater in its less incised sections . After the flood, unmanaged reaches of the Biała are typified by markedly smaller values of unit stream power and bed shear stress than channelized reaches (Czech et al. 2016 ) and this, together with the delivery of coarse material from eroded channel banks and tributaries, will likely promote the cessation and reversal of the tendency to channel incision.
The largest differences (by two classes) in hydromorphological quality between channelized and unmanaged cross-sections were associated with channel geometry, the presence of erosional and depositional channel forms, bank structure, channel mobility and lateral connectivity of the river and its floodplain. This enables identification of those features that will likely improve the most with the removal of bank protection and allowing free channel migration. The smallest difference in hydromorphological quality was found with regard to longitudinal river continuity which reflects the lack of transversal engineering structures (with only one exception) in the studied sections of the Biała.
The evaluation of the Biała also showed that despite significantly better hydromorphological quality of the river in the unmanaged cross-sections, in most of them and in most assessed categories this quality is still below the high category, typical of rivers with undisturbed fluvial processes. However, considering the long-term human pressure on the river over the past century, the results of the evaluation are hardly surprising. Unrestricted functioning of the river within the delimited corridor may significantly improve several elements of its hydromorphological quality, also those most modified such as in-river vegetation and woody debris or floodplain land use. A marked improvement of some hydromorphological features, such as channel planform or the presence of erosional and depositional channel forms, may be attained over several years as a result of the passage of a few flood waves. However, a few tens of years will be necessary for the incised river to form new, low-lying floodplains and for these areas to be vegetated by spontaneous succession of riparian plant communities which will next supply wood debris to the river. A direct effect of the establishment of the erodible river corridor is the onset of free channel mobility, but the expected improvement of the river's hydromorphological state may be achieved after a period markedly longer than the duration of the restoration project itself.
Conclusions
Assessment of river hydromorphological state for river restoration purposes should not only determine its current quality but also diagnose reasons for its degradation and pinpoint features that need improvement so that the planned restoration measures will be accurate and lead to an increase in river integrity. Out of the three methods of hydromorphological assessment used in Poland, only the RHQ method fulfills all the criteria for methods useful for planning and monitoring of river restoration projects. The assessment of the Biała with the RHQ method indicated two unmanaged cross-sections to fall in class 1 of hydromorphological quality and eight such cross-sections in class 2. In turn, four channelized cross-sections were classified to represent class 3 and six class 4. With the average scores of 2.04 (class 2) and 3.51 (class 4), the two types of river cross-sections significantly differed in hydromorphological quality. Although unmanaged and channelized cross-sections differed in each assessment category of hydromorphological quality, channel geometry, the presence of erosional and depositional channel forms, bank structure, channel mobility and lateral connectivity of the river and its floodplain were identified to be most severely modified as a result of the river channelization. These river features are thus likely to be improved the most with allowing free channel migration within the erodible river corridor. Differences in hydromorphological quality between the two types of cross-sections were somewhat less pronounced at the sites where the river is deeply incised in unmanaged and channelized reaches.
